reporter construct further revealed the importance of the Tax-responsive elements in the HTLV-1 LTR in the observed up regulation of virus gene expression when TCR/CD28 engagement was combined with PGE 2 treatment. The protein tyrosine kinases p56 lck and the transmembrane tyrosine phosphatase CD45 were all found to be involved in TCR-CD28-PGE 2 -directed increase in HTLV-1 LTR activity. This study presents new information on the possible mechanisms underlying reactivation of this retrovirus.
Human T-cell leukemia virus (HTLV-1), the first isolated human pathogenic retrovirus, is the etiologic agent of diverse clinical syndromes. Indeed, this retroviral agent is responsible for an aggressive lymphoproliferative disorder termed adult T-cell leukemia (ATL), HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP), and HTLV-1 uveitis (30, 60) . Infection with HTLV-1 is characterized by a long latent period with minimal viral gene expression (67) . Approximately 4% of infected individuals develop HTLV-1-associated diseases. Although the mechanism(s) through which this occurs is unclear, these diseases are thought to be associated with increased viral expression (23) . Following infection, the HTLV-1 provirus integrates into the host genome, where it can remain latent for several decades. Transcription from the viral promoter produces unspliced and singly spliced mRNAs that encode the Gag, Pol, and Env proteins as well as other spliced mRNAs that encode Tax, Rex, and other important viral proteins. The regulation of basal transcription is thought to play an important role in viral latency.
The Tax protein is a potent transcription transactivator that regulates HTLV-1 replication and facilitates the transition from quiescent infection to high levels of virus production in T cells (22, 71, 72) . Tax is also the transforming protein of HTLV-1, since it is necessary and sufficient for cell immortalization (reviewed in reference 48). The tax gene product can also affect expression of a large array of cellular and viral genes (7, 24, 69, 76) . A wide variety of cellular factors interact with the promoter region of HTLV-1 localized in the long terminal repeat (LTR), such as members of the cAMP response element-binding protein (CREB)/activation transcription factor family, TIF, THP, HEBI, TFIID, SP1, and others (6, 8, 18, 39, 46, 52, 55, 77, 83) . Tax does not bind to the HTLV-1 LTR region directly but rather associates via protein-protein interactions with cellular proteins associated with the viral promoter (13, 26, 45, 84) . More specifically, Tax interacts with a cellular complex made of CREB and CREB-binding protein, allowing the formation of a strong, transcriptionally active complex which binds to three incomplete cyclic AMP-responsive element (CRE) sites located within 21-bp repeats, termed Tax-responsive elements (TRE) (4, 9, 25, 39, 70, 75) . CREB is a 43-kDa basic-leucine zipper transcription factor whose transcriptional activity is regulated by phosphorylation of the single residue Ser 133, which is not required for Tax-mediated activation of this factor (35) . Prostaglandin E 2 (PGE 2 ), an oxygenated polyunsaturated fatty acid that contains a cyclopentane ring structure, is present in high concentrations in individuals infected with numerous pathogens (5, 20, 37, 41, 49, 58, 64, 65, 73, 79, 80) . PGE 2 molecules have been shown to modulate the immune response both in vitro and in vivo. For example, this hormone-like molecule has been implicated in decreasing T-cell proliferation, interleukin-2 (IL-2) production, and IL-2 receptor expression (59) . PGE 2 shifts the balance of the cellular immune response away from T helper type 1 (Th1), favoring a Th2 response, which drives humoral responses toward the production of immunoglobulin E (IgE) (21) . Interestingly, a recent study has reported a bidirectional interaction between HTLV-1 and PGE 2 (51) .
Several issues concerning viral latency occurring in HTLV-1-infected cells in vivo are still poorly understood. Indeed, although the molecular mechanisms through which the replicative cycle of HTLV-1 is controlled by the two regulatory genes rex and tax are well defined (15, 48) , less is known about external stimuli that can regulate viral gene expression. Given that HTLV-1 is frequently detected in T lymphocytes in infected individuals (54, 66) and that PGE 2 can induce HTLV-1 LTR activity (51) , the aim of this study was to define the relative importance of T-cell receptor (TCR)-, CD28-, and/or PGE 2 -mediated signal pathway(s) in controlling HTLV-1 gene expression. We provide evidence indicating that, when taken individually, each of these signal transduction pathways acts as a weak inducer of virus transcription. However, the combined action of these cellular activation stimuli resulted in a more significant enhancement of HTLV-1 LTR-directed transcriptional activity and virus production. These observations collectively provide new insights into the mechanisms underlying reactivation of this retrovirus.
(This work was performed by N. Dumais in partial fulfillment of the requirements for the Ph.D. degree from the Microbiology-Immunology Program, Faculty of Medicine, Laval University, Quebec, Canada.)
MATERIALS AND METHODS
Reagents. PGE 2 was purchased from Sigma (St. Louis, Mo.), and forskolin was obtained from BioMol (Plymouth Meeting, Pa.). OKT3 hybridoma produces an antibody specific for the ε chain of the CD3 complex and was obtained from the American Type Culture Collection (Manassas, Va.). Antibodies from this hybridoma cell line were purified with mAbTrap protein G affinity columns according to the manufacturer's instructions (Pharmacia LKB Biotechnology AB, Uppsala, Sweden). Purified anti-CD28 antibody (clone 9.3) was a generous gift from J. A. Ledbetter (Bristol-Myers Squibb Pharmaceutical Research Institute, Princeton, N.J.) (47) .
Cells and culture conditions. The established cell lines used in this work include Jurkat (clone E6.1), JCAM1.6, J45.01, and DT30. Jurkat is considered a model cell line for the study of T-cell signaling machinery (33) . JCAM1.6 and J45.01 are Jurkat derivatives and are deficient in p56 lck and CD45 expression, respectively (42, 74) . DT30 cells are derived from the mastocytoma P815 cell line and stably express cell surface human B7.1 (i.e., CD80) (1) . Such cells also express murine Fc␥RII receptors and are thus capable of binding and crosslinking soluble antibody. DT30 cells were fixed in 1% paraformaldehyde, washed extensively with phosphate-buffered saline (PBS), and then stored frozen at a density of 2 ϫ 10 6 cells/ml in PBS. C91/PL is an HTLV-1-infected human T-cell line that proliferates independently of IL-2 (82). All described cell lines were cultured in medium made of RPMI 1640 supplemented with 10% fetal bovine serum (HyClone Laboratories, Logan, Utah), glutamine (2 mM), penicillin G (100 U/ml), and streptomycin (100 g/ml) and were maintained at 37°C under a 5% CO 2 humidified atmosphere. Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donors and purified by Ficoll-Hypaque centrifugation. Human T-helper cells (i.e., CD4 ϩ ) were negatively isolated from fresh PBMCs through negative selection by using the CD4 ϩ T-cell purification kit (Miltenyi Biotec).
Plasmids. pHTLV-1-Luc was kindly provided by W. C. Greene (The J. Gladstone Institutes, San Francisco, Calif.) and contains the HTLV-1 LTR upstream to the luciferase reporter gene (28) . A pGL2-TATA plasmid was first constructed by subcloning a synthetic double-stranded oligonucleotide containing a TATA box and extremities compatible with NheI/HindIII (produced from hybridized 5Ј-CTAGCGGGTATATAATGGATCCA-3Ј and 5Ј-AGCTTGGATC CATTATATACCCG-3Ј) in NheI/HindIII-digested pGL2 basic vector (Promega). The SmaI/NdeI fragment of the HTLV-1 LTR from the pHTLV-Luc plasmid was blunted and subsequently cloned in the SmaI site of this vector, hence generating pGL2-HTLV-1 (Ϫ325/Ϫ57). The pGL3U3R and pGL3 21PMD/11T vectors were produced by cloning wild-type or TRE-mutated HTLV-1 LTRs (3) upstream of the luciferase reporter gene in the pGL3 basic vector (Promega). We used the commercial pCRE-Luc vector that contains five tandem repeats of a consensus CRE sequence and a TATA box placed upstream of the luciferase reporter gene (Stratagene, La Jolla, Calif.). The KCREB plasmid consists of the CREB cDNA that bears a mutation of a single amino acid in the DNA-binding domain and was cloned into a mammalian expression vector driven by the Rous sarcoma virus promoter. This dominant repressor CREB mutant can no longer bind to DNA and, in addition, can block the ability of wild-type CREB to bind to CRE (78) . This plasmid was a generous gift from R. H. Goodman (Vollum Institute for Advanced Biochemical Research, Portland, Oreg.). pPKAc K73M codes for an inactive mutant form of the catalytic subunit of protein kinase A (PKA) (kindly provided by S. Ghosh, Yale University School of Medicine). This mutated form of PKAc was generated by altering lysine 73 to a methionine (K73M) and has been demonstrated to inhibit endogenous PKA activity (85) .
Transient transfection and cell stimulation. Cells (5 ϫ 10 6 ) from Jurkat cell lines were first washed once in transfection solution (TS) buffer (137 mM NaCl, 25 mM Tris-HCl [pH 7.4], 5 mM KCl, 0.6 mM NaHPO 4 , 0.5 mM MgCl 2 , and 0.7 mM CaCl 2 ) and resuspended in 0.5 ml of TS containing the indicated plasmids and 500 g of DEAE-dextran per ml (final concentration). The cell-TS-plasmid-DEAE-dextran mixture was incubated for 25 min at room temperature. Thereafter, cells were diluted at a concentration of 10 6 cells/ml by using complete culture medium supplemented with 100 M chloroquine (Sigma). After 45 min of incubation at 37°C, the cells were centrifuged, washed once, resuspended in complete culture medium, and incubated at 37°C for 24 h. PBMCs and CD4 ϩ T lymphocytes were nucleofected by using Nucleofector technology according to the manufacturer's instructions (Amaxa Biosystems, Gaithersburg, Md.). Briefly, PBMCs and CD4 ϩ T cells (4 ϫ 10 6 ) were harvested, washed once with PBS, and then resuspended in human T-cell Nucleofector solution with the indicated plasmids. The cell-DNA mixture was put into a cuvette, inserted in the Nucleofector, and then nucleofected. To minimize variations in plasmid transfection efficiencies, transfected cells were pooled 24 h after transfection and were next separated into various treatment groups as follows. Transiently transfected cells were seeded at a density of 10 5 cells per well (100 l) in 96-well flat-bottom plates. The cells were left untreated or were treated with PGE 2 (100 nM), forskolin (100 M), OKT3 (1 g/ml), DT30 (10 4 cells), OKT3 plus PGE 2 , OKT3 plus DT30, DT30 plus PGE 2 , or OKT3 plus DT30 plus PGE 2 in a final volume of 200 l for a period of 8 h at 37°C. Luciferase activity was determined following a previously described protocol (2) . Briefly, following the incubation period, 100 l of cell-free supernatant was withdrawn from each well and 25 l of cell culture lysis buffer (25 mM Tris phosphate [pH 7.8], 2 mM dithiothreitol [DTT], 1% Triton X-100, and 10% glycerol) was added before incubation at room temperature for 30 min. An aliquot of cell extract (20 l) was analyzed in 96-well plates using a microtiter plate luminometer (MLX Dynex Technologies, Chantilly, Va.). Each well was injected with 100 l of luciferase assay buffer [20 mM tricine, Induction of HTLV-1 expression. C91/PL cells were first seeded at a density of 10 6 cells per well (1-ml final volume) in 24-well flat-bottom plates. The cells were either left untreated or were treated with OKT3 plus DT30 or OKT3 plus DT30 plus PGE 2 for a period of 24 h at 37°C. Following this incubation period, 300 l of cell-free supernatant was withdrawn from each well and measurements of HTLV-1 p19 antigen were achieved by a commercial enzyme-linked immunosorbent assay (Zeptometrix Corporation, Buffalo, N.Y.).
EMSA. Nuclear extracts were prepared according to the microscale preparation protocol with slight modifications (68) . Briefly, Jurkat cells (10 6 ) were either left untreated or were treated for 60 min at 37°C with PGE 2 (100 nM), forskolin (10 M), OKT3 plus DT30, or OKT3 plus DT30 plus PGE 2 . Incubation of the cells with the stimulating agents was terminated by the addition of ice-cold PBS, and nuclear extracts were then prepared. Sedimented cells were resuspended in 400 l of a cold buffer made of 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride. VOL. 77, 2003 TCR/CD28 CROSS-LINKING AND PGE 2 ACTIVATE HTLV-1 LTR 11171
The cells were allowed to swell on ice for 15 min, after which 25 l of a 10% solution of Nonidet P-40 was added and the tubes were vigorously vortexed for 10 s. The homogenate was centrifuged for 10 s at 12,000 ϫ g. The supernatant fraction was discarded, and the pellet was resuspended in 50 l of a cold buffer composed of 20 mM HEPES-KOH (pH 7.9), 0.4 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride before being incubated on ice for 15 min on a shaking platform. Cellular debris were removed by centrifugation at 12,000 ϫ g for 2 min at 4°C, and the supernatant fractions were stored at Ϫ70°C until used. Six micrograms of nuclear extracts was used to perform an electrophoretic mobility shift assay (EMSA). Protein content was determined by commercial BCA protein assay reagent (Pierce, Rockford, Ill.). Nuclear extracts were incubated for 30 min at room temperature in the binding buffer (100 mM HEPES [pH 7.9], 40% glycerol, 10% Ficoll, 250 mM KCl, 10 mM DTT, 5 mM EDTA, 250 mM NaCl, 2 g of poly[dI-dC], and 10 g of nucleasefree bovine serum albumin fraction V) containing 1 ng of 32 P-5Ј-end-labeled double-stranded oligonucleotide. Double-stranded DNA (dsDNA; 100 ng) was labeled with [␥-32 P]ATP and T4 polynucleotide kinase in a kinase buffer (New England Biolabs, Beverly, Mass.). This mixture was incubated for 30 min at 37°C, and the reaction was stopped with 5 l of 0.2 M EDTA. The labeled oligonucleotide was extracted with phenol-chloroform and passed through a G-50 spin column. The following dsDNA oligonucleotides were used as probes and/or competitors: the consensus CREB-binding site corresponding to the sequence 5Ј-AGAGATTGCCTGACGTCAGAGAGCTAG-3Ј, the CRE mutant 5Ј-AGA GATTGCCTGTGGTCAGAGAGCTAG-3Ј, and the consensus NF-B-binding sequence (5Ј-AGTTGAGGGGACTTTCCCAGGC-3Ј) (purchased from Santa Cruz Biotechnology Inc., Santa Cruz, Calif.). DNA-protein complexes were resolved from free-labeled DNA by electrophoresis in native 4% (wt/vol) polyacrylamide gels. The gels were subsequently dried and autoradiographed on Kodak Biomax MR film at Ϫ85°C. Cold competition assays were conducted by adding a 100-fold molar excess of unlabeled dsDNA oligonucleotide simultaneously with the labeled probe.
RESULTS
HTLV-1 LTR-driven activity is induced by TCR/CD28 crosslinking in combination with PGE 2 treatment. T lymphocytes that harbor HTLV-1 in the peripheral blood of infected patients are exposed to several exogenous factors, some of which might be involved in the activation of transcriptionally silent provirus. Thus, in an attempt to define whether expression of HTLV-1 could be influenced by the pleiotropic immunomodulatory molecule PGE 2 and/or signaling events transduced through TCR and CD28, we transiently transfected Jurkat cells with a vector carrying the luciferase reporter gene placed under the control of the full-length HTLV-1 LTR. Such cells were next incubated with PGE 2 and/or an anti-TCR antibody (i.e., OKT3). We also made use of a physiological and immunologically relevant experimental cell system based on the addition of DT30 cells. These cells express human B7.1 (CD80) and can thus cross-link cell surface CD28. Note that DT30 cells are also positive for Fc␥RII receptors and can present any soluble mouse IgG antibodies. When DT30 cells are used in combination with anti-TCR antibodies, this experimental cell system mimics T-cell activation (1) . Under the conditions of our experiment, virus transcription was not affected by CD28mediated signal transduction events (DT30 cells added alone), a finding in contrast to that for engagement of the T-cell receptor or treatment with PGE 2 alone, which led to a minor increase in HTLV-1 LTR activity ( Fig. 1 ). Reporter gene expression was not further increased by grouping together OKT3 and PGE 2 , OKT3 and DT30, or DT30 and PGE 2 . However, a more significant increase in HTLV-1 LTR activity was obtained when both TCR and CD28 were cross-linked in the presence of PGE 2 (5.8-fold increase).
Importance of TRE sequences and CREB in TCR-CD28-PGE 2 -dependent induction of HTLV-1 LTR activity.
In order to examine the role of the TRE sequences in the observed phenomenon, Jurkat cells were next transiently transfected with pGL2-HTLV-1 (Ϫ325/Ϫ57). This vector contains the luciferase reporter gene positioned downstream of a TATA box and the Ϫ325 to Ϫ57 HTLV-1 LTR region harboring all three TRE sequences. The most potent activating condition for luciferase gene transcription was again observed when PGE 2 was added to TCR/CD28-multimerized T cells (Fig. 2) . Interestingly, a more dramatic increase in luciferase activity was seen with pGL2-HTLV-1 (Ϫ325/Ϫ57) than with pHTLV-1-Luc (a 62-fold versus a 5.6-fold increase), therefore suggesting that this region, i.e., Ϫ325 to Ϫ57, is more positively affected by these activation signals. To directly assess the involvement of TRE sequences in this positive modulation by the tested combination of agents, an HTLV-1-based reporter construct was used that bears mutations abolishing CREB binding to the three CRE-like sites (i.e., pGL3 21PMD/11T). The introduced mutations resulted in a C-to-T change at bp 11 of the 21-bp TRE sequence. This mutation has previously been shown to inhibit Tax-mediated transactivation events (32) . Consistent with our previous findings, the highest up regulation of HTLV-1 LTR activity was observed following treatment of Jurkat cells with OKT3, DT30, and PGE 2 (Fig. 3 ). However, mutations that prevent binding of CREB to TRE sequences resulted in a dramatic reduction in HTLV-1 LTR-driven gene activity mediated by OKT3-DT30-PGE 2 treatment.
Our next set of experiments was aimed at demonstrating that CREB is indeed a key player in TCR-CD28-PGE 2 -mediated enhancement of HTLV-1 LTR gene expression. This goal was achieved by introducing a CRE-driven luciferase molecule into Jurkat cells before treatment with the studied activating agents. Forskolin, an agent known to lead to an increase in intracellular cAMP concentration by directly activating adenylate cyclase, was used as a positive control and resulted in an important 122-fold increase in CRE-dependent luciferase activity ( Fig. 4) . A marked up regulation of reporter gene activity was seen when PGE 2 was used in combination with agents that mimic T-cell activation (i.e., OKT3 and DT30) (18.8-fold increase). To more directly address the importance of CREB, we made use of a vector that codes for a dominant negative mutant of CREB (i.e., pKCREB), along with the pHTLV-1-Luc vector. Expression of this CREB mutant reduced TCR-CD28-PGE 2 -dependent activation of HTLV-1-driven increase in reporter gene expression, further strengthening the importance of CREB in these cooperative signal transduction pathways (Fig. 4B ). Next, nuclear protein extracts from Jurkat cells were subjected to mobility shift assays using a probe specific for the binding site of CREB. A more intense CRE-binding activity was detected in OKT3-DT30-PGE 2 -treated Jurkat cells than in untreated cells (Fig. 4C) . The nature of the CRE-binding complexes was comparable to that seen in cells treated with forskolin, but the intensity was slightly weaker in cells undergoing treatment with forskolin than in OKT3-DT30-PGE 2 -treated cells. Little increase in the intensity of the signal was apparent with nuclear extracts from OKT3-or DT30-treated cells. These complexes were competed by a 100-fold molar excess of a specific unlabeled CRE oligonucleotide but were unaffected by an excess of unlabeled NF-B or mutant CRE oligonucleotides. Together, these data indicate that PGE 2 and agents mimicking antigenic stimulation cooperate to activate the ubiquitous transcription factor CREB, which in turn positively affects HTLV-1 transcription through the TRE sequences.
TCR-CD28-PGE 2 -mediated induction of CREB involves the participation of PKA. Multiple signaling pathways in different cell lineages can mediate CREB phosphorylation and activation. These pathways include (i) a PKA-dependent pathway activated by increased intracellular concentrations of cAMP, (ii) a calmodulin kinase-dependent pathway activated by increased intracytoplasmic calcium (Ca 2ϩ ), and (iii) a Ras-dependent pathway in which ribosomal S6 kinase B can phosphorylate CREB on Ser 133 (10, 19, (34) (35) (36) . Recent studies have demonstrated that each of these pathways is functional in T cells. To shed light on the nature of the signaling pathway that leads to CREB activation, Jurkat cells were transiently cotransfected with pHTLV-1-Luc and a plasmid expressing an inactive mutant form of the catalytic subunit of PKA (i.e., pPKAc K73M ). The latter expression vector severely diminished the HTLV-1 LTR activity that is observed following TCR/CD28 cross-linking and PGE 2 treatment (Fig. 5 ). Forskolin activation of the HTLV-1 LTR and PGE 2 activation were similarly and significantly affected but to a lesser extent.
TCR-CD28-PGE 2 -dependent activation of HTLV-1 transcription requires p56 lck and CD45. Following TCR engagement, CREB is phosphorylated rapidly on Ser 133 by a pathway that involves activation of p56 lck , protein kinase C, Ras, Raf-1, MEK, and ribosomal S6 kinase 2 (53) . Some cellular constituents in these signaling cascades initiated upon TCR engagement were next tested for their roles in the studied phenomenon. One of the earliest biochemical events elicited by the TCR response remains tyrosine phosphorylation of intracellular second messengers such as p56 lck (11) . This protein tyrosine kinase was demonstrated to be essential, since TCR-CD28-PGE 2 -mediated induction of LTR activity was reduced by 82% in p56 lck (JCAM1.6)-deficient cells (a 10.4-fold compared to a 1.9-fold increase) ( Fig. 6 ). Similar observations were made when a CD45-deficient cell line was used (J45.01), therefore suggesting that this transmembrane protein tyrosine phosphatase was deeply involved in up regulation of the regulatory When these results were compared to the results obtained with forskolin and PGE 2 alone, no such drastic effects were accounted for except for forskolin induction, which was affected by the absence of p56 lck . This body of data supports the ex-pected role played by the elements activated early on following TCR multimerization in the induction of the HTLV-1 LTR by the OKT3-DT30-PGE2 combination. 
TCR/CD28 engagement and PGE 2 treatment activate HTLV-1 LTR activity in primary human cells and promote virus pro-

duction from an HTLV-1-infected T-cell line.
The physiological significance of our findings was assessed by defining whether the tested activation signals can modulate HTLV-1 transcription in more natural cellular microenvironments, i.e., human PBMCs and purified CD4 ϩ T lymphocytes. In agreement with results obtained with the Jurkat T-lymphoblastoid T-cell line, transfection of either PBMCs or CD4 ϩ T cells with the pHTLV-1-Luc plasmid indicated maximal activation upon treatment with PGE 2 and multimerization of both TCR and CD28 (Fig. 7) .
Recent findings indicate that integrated proviral DNA behaves quite differently from transfected plasmids. Indeed, ex- pression of integrated human retroviruses such as HTLV-1 has been shown to require cellular factors different from those necessary for expression of transiently transfected retrovirusbased plasmids (57) . More specifically, it has been demonstrated that transcription from integrated versus transiently introduced retroviral LTRs does not proceed via identical signal transduction pathways. This finding suggests that the signaling requirements necessary to achieve expression of an integrated proviral DNA can differ from those of a transfected viral plasmid. Since the process of integration into the host chromosome is an obligatory step in the HTLV-1 life cycle, we performed experiments with an HTLV-1-infected T-cell line (i.e., C91/PL). Virus production was induced upon TCR/CD28 signaling events and exposure to PGE 2 (Fig. 8 ). This set of data suggests that our findings can also be seen in the context of an integrated proviral genome.
DISCUSSION
HTLV-1 gene expression in vivo likely plays an important role in the various steps leading to diverse HTLV-1-associated diseases such as ATL, HAM/TSP, inflammatory arthritis, polymyositis, uveitis, and Sjögren's syndrome. Results from many studies indicate that the majority of HTLV-1-infected cells under natural conditions carry a provirus that is transcriptionally silent. For example, HTLV-1 RNA was expressed in only 10% of HTLV-1-infected lymphocytes, as monitored by in situ PCR experiments (56) . Low levels of cells expressing HTLV-1 transcripts were detected in PBMCs by reverse transcriptase PCR in asymptomatic carriers and HAM/TSP patients (27, 31) , providing further evidence that HTLV-1 induces a latent infection. An early induction of latency in HTLV-1-bearing T cells is also observed in experimentally infected squirrel monkeys (Saimiri sciureus) (40) . The precise mechanisms responsible for HTLV-1 latency remain to be characterized. It has been proposed that an important common denominator in the pathogenesis of the various HTLV-1-induced clinical syndromes appears to be HTLV-1 gene expression. Although the mechanisms through which Tax can potently stimulate viral transcription are well defined, the biological importance of cellular activation signals in HTLV-1 gene expression remains to be more fully characterized. The central objective of the present work was thus to assess the abilities of some specific external stimuli to affect HTLV-1 LTR-directed gene expression.
Treatment of cells chronically infected with HTLV-1, which express low levels of HTLV-1 RNAs, with phytohemagglutinin resulted in induction of virus gene expression (44) . Phytohemagglutinin is a mitogenic agent that mimics antigen stimulation and activates resting T cells through the cell surface TCR/CD3 complex (81) . Optimal T-cell activation requires signaling provided by recognition of antigen-major histocompatibility complex by the TCR and a second antigen-independent signal called costimulation. CD28 is now considered the prototypic T-cell costimulatory molecule (reviewed in reference 43). Moreover, it has previously been shown that treatment of human peripheral T lymphocytes and Jurkat cells with anti-CD3 and anti-CD28 antibodies leads to stimulation of COX-2 transcription, therefore suggesting that engagement of these cell surface receptors can affect prostaglandin synthesis (38) . These previous findings coupled with the recent demonstration that PGE 2 can positively regulate HTLV-1 expression and that Tax can induce the production of PGE 2 through an effect on the inducible COX-2 enzyme (51) prompted us to test whether cellular activation stimuli such as TCR/CD28 engagement and PGE 2 can modulate HTLV-1 transcription. Our experiments were performed with human T cells and were based on previously published observations indicating that T lymphocytes constitute the major cellular reservoir for HTLV-1 in human peripheral blood (66) .
In this work, we present evidence demonstrating that signaling events mediated either by PGE 2 , engagement of TCR, or CD28 cross-linking result in a weak induction of HTLV-1 LTR activity. However, a more significant induction of HTLV-1 LTR-directed reporter gene activity was obtained when these three ligands that bind to distinct cell surface receptors were simultaneously added. These results have been confirmed with Jurkat cells and total PBMCs or with purified CD4 ϩ T-cell fractions. The physiological relevance of our findings is provided by the observation that the combination of these external stimuli can also promote virus production in an experimental cell system consisting of integrated proviral DNA, i.e., a human T-cell line infected with HTLV-1. After transfection of a vector harboring the Ϫ325/Ϫ57 region of the HTLV-1 LTR in Jurkat cells, a more important induction was measured upon the addition of the complete combination of agents. In fact, a stronger induction was noted than in similarly treated pHTLV-1-Luc-transfected cells. Although we have not yet fully addressed this issue, the absence of possible negative regulatory elements or the spatial reorganization of the TRE repeats in relation to the TATA box might all be plausible explanations for these differences. Transient transfection experiments conducted with a vector carrying mutations in the three TRE sequences indicated that these cis-acting motifs are also important for TCR-CD28-PGE 2 -mediated induction of LTR activity. The TCR-mediated weak induction of HTLV-1 LTR activation is consistent with data from Copeland et al. (14) . However, our observation that PGE 2 when used alone is a very weak inducer of HTLV-1 transcription in human T cells is in contrast to that of Moriuchi and coworkers (51) . For example, we observed that treatment with PGE 2 at 100 nM resulted in a less-than-twofold increase in HTLV-1 activity in Jurkat cells and PBMCs, while a fourfold increase was obtained with identical cell types and a similar concentration of PGE 2 . We did find, however, that PGE 2 alone could positively modulate the transcription of the luciferase reporter gene driven by the isolated TRE sequences (pGL2-HTLV-1 [Ϫ325/Ϫ57]). Nonetheless, these discrepant data could be related to differences in the methodologies of experiments, such as the use of different HTLV-1-based molecular constructs. In addition, the time of measurement for luciferase activity was 8 h poststimulation in our study and 2 days posttransfection in the other study; possibly, later and indirect events might have contributed to their reported HTLV-1 LTR activation in T cells by PGE 2 alone.
Earlier reports indicated that interaction between PGE 2 and an adenylate cyclase-coupled stimulatory receptor (i.e., EP 4 ) leads to activation of adenylate cyclase, hydrolysis of ATP, enhanced turnover of intracellular cAMP, and binding to PKA in human T cells (12) . HTLV-1 LTR is known to be responsive to stimuli involving the activation of the CREB transcription factor. Several studies have indeed indicated that strong activators of CREB such as forskolin or dibutyryl cyclic AMP lead to CREB-dependent activation of HTLV-1 LTR in the context of T cells (61) . Our findings are clearly supportive of this signaling cascade, since we found that TCR-CD28-PGE 2 -mediated enhancement of HTLV-1 LTR activity requires the participation of both PKA and CREB, as determined by transient transfection experiments and EMSA analyses. The PKA signaling pathway has already been shown to be important in activation of HTLV-1 by PGE 2 , as is seen in PBMCs derived from asymptomatic carriers (51) . Data from our experiments indicate that p56 lck and the transmembrane protein tyrosine phosphatase CD45 also participate in the TCR-CD28-PGE 2directed up regulation of LTR activity. Furthermore, unpublished results have recently indicated involvement of ZAP-70 protein tyrosine kinase in the activation of the HTLV-1 LTR by the combination of agents. The involvement of these cellular components is clearly in line with the importance of the antigenic-like stimulatory agents (i.e., OKT3 and DT30) for the observed HTLV-1 LTR activation, due to their implication in classical TCR-mediated signaling.
The formation and production of elevated levels of inflammatory mediators such as PGE 2 are hallmarks of several microbial infections (5, 20, 37, 41, 49, 58, 64, 65, 73, 79, 80) . Prostaglandins play a role in disease exacerbation by directly altering T-cell functions or macrophage activation. Although it was initially thought that PGE 2 is primarily an immunosuppressive molecule that acts as a down-regulator of many aspects of B-and T-cell function and proliferation, recent findings support a role for PGE 2 as a potentiator of immunoglobulin class switching and in regulating production of type 1 and 2 cytokines (21) . The capacity of PGE 2 to affect virus gene expression is not unique to HTLV-1, since expression of bovine leukemia virus, a type C retrovirus that is closely related to HTLV-1, is also enhanced by PGE 2 (62) . PGE 2 has also been reported to influence the life cycle of human immunode-ficiency virus type 1 in human T cells (16, 17) . Since concentrations of PGE 2 as high as 70 M have been reported in seminal fluids (29, 63) , PGE 2 can possibly affect transmission of retroviruses such as HTLV-1, which is transmitted not only by breast milk but also through sexual contact. It is of interest that Moriuchi and coworkers have reported that HTLV-1 infection of PBMCs leads to secretion of PGE 2 (51) , an observation that was confirmed in T-cell lines infected with HTLV-1 (50) . However, based on our results indicating that a more efficient enhancement of HTLV-1 LTR-directed gene expression is achieved when cell surface TCR and CD28 are also engaged, PGE 2 alone might not be sufficient per se to affect virus load in seminal fluids.
In conclusion, the TCR-CD28-PGE 2 -mediated activation pathway described here represents a combination of external stimuli that may act in a cooperative fashion to enhance expression of integrated HTLV-1 genomes. Given that rather long latency periods before disease progression appear in most HTLV-1-infected individuals, extracellular factors that result in Tax-independent virus gene expression may be important elements in disease progression. The present study provides new information on molecular mechanisms that can relieve HTLV-1 latency in its natural target cell, i.e., human T lymphocytes. It also indicates that HTLV-1 gene expression is under tight control and that it requires a combination of events that must act in a concerted manner to initiate virus transcription. Since the probability of encountering the appropriate sequence of events in a given cell is rather low, this might help to explain why most HTLV-1-carrying cells are transcriptionally silent. Additional experiments are warranted to determine if other cellular activation stimuli can modulate HTLV-1 LTR-directed gene expression and could act in combination with TCR/ CD28-and/or PGE 2 -mediated transcriptional modulation. 
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